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Group Il introns are self-splicing RNAs that are commonly found
in the genes of plants, fungi, yeast and bacteria'?. Little is known
about the tertiary structure of group II introns, which are among
the largest natural ribozymes. The most conserved region of the
intron is domain 5 (D5), which, together with domain 1 (D1), is
required for all reactions catalysed by the intron’. Despite the
importance of D5, its spatial relationship and tertiary contacts to
other active-site constituents have remained obscure. Further-
more, D5 has never been placed directly at a site of catalysis by the
intron. Here we show that a set of tertiary interactions (A—\")
links catalytically essential regions of D5 and D1, creating the
framework for an active-site and anchoring it at the 5’ splice site.
Highly conserved elements similar to components of the A—\'
interaction are found in the eukaryotic spliceosome.

To dissect the structure of the group II intron active site, we
developed a strategy based on two new chemo-genetic approaches:
nucleotide analogue interference mapping (NAIM) and nucleotide
analogue interference suppression (NAIS)*”. Using the NAIM
strategy, we identified the nucleotides and atoms most important
for group Il intron function’. The NAIM results were then used as a
guide for designing group II intron mutations in regions most likely
to affect active-site function. Intron mutants were screened and
characterized kinetically to evaluate the mechanistic role and
importance of each mutated nucleotide. We used a trans-branching
assay (Fig. 1a)'° to explore the effects of mutations on trans-
esterification and for optimizing conditions required for subse-
quent NAIS experiments’. For those mutants in which the branch-
ing reaction was strongly inhibited, we also conducted a 5'-splice-
site hydrolysis assay'"' to obtain the D5 dissociation constant (Ky)
and the chemical rate of reaction (kcpem). In this way, we could
evaluate the specific mutational effects on interdomain binding or
on chemical catalysis. Among the variety of mutations that strongly
affected function of exD123 RNA (M.B. and A.M.P., unpublished
data), those with pronounced effects on reaction chemistry were
concentrated in a region near the 5 end of D1 (represented by
mutants exD123(G5:A) and exD123(A115:U), Table 1).

The partially functional exD123(G5:A) and exD123(A115:U)

Table 1 Kinetic parameters of the exD123 mutants*

Branchingt Hydrolysis
exD123 Kops (1074 min™") Kohem (1072 min™") Ky (LM)
Wild type 250 * 10 87 + 4 0.30 = 0.04
G5:A 1.8+0.2 8+3 0.27 + 0.09
A115:U 2.4+ 0.1 27+02 0.23 + 0.09
A198:Uf 29 + 2 52 +7 3.6+09

*Branching and hydrolysis reactions were performed as described in Methods.

1 For exD123(G5:A) and exD123(A115:U), the reaction end point could not be determined
accurately and was assumed to be 0.44 as for wild-type exD123. For exD123(A198:U), the reaction
end point is 0.12.

1 A mutation that induces binding defects is presented for comparison: the A198—U mutation
disrupts a ground-state hydrogen bond in the known ¢—{" interaction between D1 and D5 (ref. 16),
as inferred from the crystal structure of an analogous GNRA tetraloop-receptor complex?’. The 10-
fold increase in K4 corresponds to the loss of ~1.6 kcal mol™ of D1-D5 interaction energy, which is
consistent with the loss of at least one hydrogen bond.
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mutants and the frans-branching reaction (Fig. 1) were used in
NAIS experiments designed to reveal tertiary contacts between the
mutated residues and atoms in D5 (ref. 5). Disruption of energetic
coupling between the position of mutation and a given functional
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Figure 1 Nucleotide analogue interference suppressions within D5 and D1. a, The
exD123 (5" exon/domains 1-3) mutants were tested for changes in the D5 interference
pattern using the trans-branching assay. Branching results in the chemical ligation of D56
and D123, thereby ensuring a simple selection of reacted molecules. b, To search for
NAIS signals within D5, we reacted wild-type (WT) or mutant exD123 transcripts with
5'-¥P-|abelled D56 transcribed with an array of NTP«S analogues. Autoradiographs
correspond to iodine-cleaved transcripts modified with guanosine-asS (sG), cytosine-aS
(sC), deoxy-C-acS (dC) or inosine-aS (sl). Band intensities were quantitated and corrected
for background phosphorothioate effects as described®. ¢, Normalized intensities of bands
corresponding to positions where NAIS signals were observed (indicated by an asterisk).
The normalized intensities are mean values, each having a maximum variance of + 20%,
from 2—4 independent experiments. Unlike the lower-intensity background bands, the
NAIS signals are reproducible, dependent on iodine-cleavage and mutant-specific (b), as
described®. Comparative data are shown for Na.S-containing D56 that were unreacted (0)
or branched to wild-type exD123 (WT), exD123(G5:A) (G5:A) and exD123(A115:U)
(A115:U) mutants. For suppressions at positions 824 and 825, significant phosphoro-
thioate effects were not observed and so corresponding bars are not shown. The band
intensity observed for unreacted material was arbitrarily fixed to one. For branched
products, the size of the bars is related to 1/(interference effect); that is, the smaller the
bar, the stronger the interference. The values of band intensities over 1 are shown above
the corresponding bars.
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group was revealed by suppression of an interference normally
observed in D56 upon nucleotide analogue substitution (Fig. 1).
The pattern of D56 interferences obtained with wild-type exD123 is
similar to that previously described’; however, several differences
were observed with the exD123(G5:A) and exD123(A115:U)
mutants (Fig. 1). The G5—A mutation in D1 induces complete
suppression of inosine interference at G824 in D5, whereas the
A115— U mutation suppresses deoxynucleotide interference at
C825. In addition, the exD123(A115:U) mutant suppresses an
inosine interference at G836 and partially rescues a strong deoxy-
nucleotide interference at C837.

These results show energetic coupling between two nucleotides of
D1 (G5 and A115) and two consecutive G-C pairs located at the base
of D5 stem 2. This energetic coupling is likely to reflect specific
interactions because the exD123(G5:A) and exD123(A115:U)
mutants, which have similar reactivities (Table 1), yield NAIS
signals that are not observed upon mutation of other positions
in D1 or D3 (Fig. 1)°. The new interaction, which we have named
A=\, is composed of nucleotides that exhibit a high level of
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Figure 2 Single-atom NAIS and D5 interferences at A115. a, To search for NAIS signals
within D1, we reacted wild-type exD123 transcripts containing NTPaS with 5-3P-
labelled D56 molecules containing a single deoxynucleotide at C825 (D56(dC825)). The
interference suppression observed for dA115 is specific, that is, it is not observed in the
presence of other D56 modifications (such as dC837), and dC825 does not cause a
suppression of dG5 interference (see Supplementary Information). Note that in these
experiments, the 5’ exon was only 17 nucleotides in length (17D123, ref. 5). b, The
involvement of A115 N1 is implicated by a D5-dependent DMS interference at position
A115. Folded exD123 was reacted with DMS (1:100 dilution) for 5 min at room
temperature. The DMS-modified exD123 was incubated with 3 wM D5 at 45 °C for

20 min under standard hydrolysis conditions™. Precursor exD123 was separated from the
D123 product by PAGE, eluted and then primer extended using AMV reverse transcriptase
for 15 min at 55 °C. After PAGE, products were analysed and quantitated on a
Phosphorlmager (Molecular Dynamics). The A115 interference value shown represents
the average from three experiments, with a variance of 18%.
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phylogenetic conservation and which show strong effects when
mutated (M.B., A.D.L. and A.M.P,, unpublished data).

Notably, the adjacent e—€’ interaction' brings G5 and A115 into
close proximity (Fig. 1). The e—€’ motif contributes to 5'-splice-site
selection', and it has also been observed that the e-nucleotides G3
and C4 must be on the same molecule as their partners G116 and
C117 for optimal chemical reactivity of ribozymes derived from the
intron (S. Leuin and A.M.P., unpublished data). This suggests that
e—€' itself may be a component of the intron active-site. The A—\'
interaction therefore serves to join the e—€’ nucleotides in D1 with
catalytically essential functionalities in D5 (refs 12, 14, 15), a role
that is consistent with the fact that A—\" mutations have marked
effects on reaction chemistry (Table 1).

The N—\' interaction is the third contact identified between
D5 and another domain of the intron. The first contact identified
(L-¢')'" promotes D1-D5 association through a tetraloop—recep-
tor interaction motif. Mutation of {-{’ functionalities induces
binding defects in activity assays (Table 1)">. The k—«’ interaction
also contributes primarily to the ground-state binding of D1 to
D5 (M.B. and A.M.P., unpublished data). Consistent with this, both
{-{' and k—k’ involve atoms that lie on the so-called ‘binding face’
of D5 (refs 12, 15). Conversely, \—\" involves D1 and D5 function-
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Figure 3 Model for the A—\" interaction. Proposed arrangements of the two minor groove
triples formed by A115 and G5 with the (5’-GC)-(5"-GC) tandem pairs in stem 2 of D5.
Modelling (Insight I, Biosym/MSI) of the stacked triple interactions did not reveal any
significant steric or geometric problems with the arrangements shown. Owing to a lack of
constraints, the G824 amine is shown interacting with an undefined group on G5.
Functionalities in this triple that have been implicated by NAIM experiments are shown in
open lettering, indicating potential sites of interaction within the triple or with other
nucleotides.
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alities that have specific roles in catalysis (Table 1)'%. It is therefore
striking that the N—\" interaction occurs on the previously defined
‘chemical face’ of D5 (refs 12, 15), where catalysis probably occurs.

All bonds in the proposed model for A—\" involve atoms in the
minor groove of both D5 and D1 components. The suppression
data show that G5 interacts with N2 of G824, and that Al15
interacts with N2 of G836 and the 2'-OH of C837 and C825.
Previous work showed that G5 interacts through 2'-OH and N2
functionalities’, whereas A115 interacts through a 2'-OH group’.
Evidence for direct contact between the N1 of A115 and elements of
D5 is provided by D5-dependent dimethyl sulphate (DMS)
footprint” and interference signals at A115 (Fig. 2). Further
evidence for a hydrogen bond between C825 and D1 was obtained
through an adaptation of the single-atom NAIS approach*”, in
which a chimaeric D56 molecule containing a single deoxynucleo-
tide at C825 was reacted with exD123 transcripts modified with
NTPasS. In that case, the specific suppression of a deoxynucleotide
interference was observed at A115 (Fig. 2, and see Supplementary
Information). The spatial arrangement that agrees best with this
data is one in which the minor groove edge of A115 forms a triple
interaction in the minor groove of the C825-G836 base pair (Fig. 3)
using an arrangement that has been observed crystallographically'®.
G5 is likely to form a second minor groove triple with the
(G824-C837 base pair (Fig. 3). Because of the limited number of
available constraints, this triple interaction is represented in a more
general form.

On the basis of this information, the A=\’ interaction can be
visualized as an extended minor-groove triplex that orientates the
€—¢€’ helix along the ‘chemical face’ of D5, placing e—€’ against the
D5 bulge (Fig. 4). A composite e—e’/A—\’ interaction that involves
backbone—backbone interactions with the D5 bulge is inferred by
strong deoxy and phosphorothioate interferences in e—€’ and the
D5 bulge>'>", as well as by evidence for metal ion binding in
this region (J. Swisher, R. Sigel and A.M.P,, unpublished data). A
composite e—€'/A—\" interaction (Fig. 4) would align the 5’ splice
site next to major groove functionalities of G817 that have been
shown to be critical for chemical catalysis by group II introns".
Thus, A=\’ is a novel substructure that links active-site constituents
together and anchors them at a site of group II intron reaction.

The A—\' interaction involves the fifth intronic nucleotide, which
is invariably a guanine in group II introns® and in most nuclear
introns®. In spliceosomal introns, G5 is part of a three-base-pair

Chemical face

Binding face

Figure 4 Representation of the putative group Il intron active site, showing regions of D1
interacting with D5. On the left side of the model are the ¢’ and k—«’ contacts®'®
between the D5 binding face' and the tetraloop receptor and thres-way junction of D1.
The right side of the model shows the D5 chemical face interacting with the extended A—
\'/e—e’ interactions that align the 5" splice site over the D5 catalytic locus'.
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helix between the first several nucleotides of the intron and a section
of U6 RNA called the ‘ACAGA-box’ (paired residues are
underlined)**”, forming a duplex that may be analogous to the
e—¢€’ interaction. It will be interesting to test whether this region
interacts with a set of universally conserved G-C pairs in helix 2 of
the U2-U6 complex, which has been proposed to be analogous to
stem 2 of D5 (refs 19, 24, 25). The existence of such a spliceosomal
A—\" homologue might strengthen the hypothesis of an evolution-
ary relationship between active sites involved in nuclear pre-mRNA
splicing and group II introns. U

Methods
Transcriptions

Plasmids encoding the mutant transcripts were prepared from precursor plasmid pJDI3’-
673 (ref. 26) using the QuikChange site-directed mutagenesis kit (Stratagene) or
according to described procedures’. Plasmids derived from pJDI3’-673 (encoding exD123
RNA) were linearized with BamHI, pT7-D56 (encoding D56) with EcoRV (ref. 10) and
pJDI5'-75 (encoding D5) with Hpall (ref. 11) and transcribed as described'®"". Transcripts
randomly modified with NTPasS analogues were prepared as described’.

Reaction kinetics

Hydrolysis and trans-branching kinetic assays were carried out as described'®" with minor
modifications. For branching kinetics, 5'-3p end-labelled D56 transcripts (10 nM, final
concentration) were mixed with exD123 (3 uM, final concentration) and heated at 95 °C
for 1 min. We cooled the mixture to 42 °C and added salts (100 mM MgCl,, 0.5 M NH,Cl,
40 mM MOPS, pH 6) before further incubation at 42 °C. At various times, aliquots were
withdrawn, quenched as described® and subjected to electrophoresis on stacked
denaturing 4%:20% (top:bottom) polyacrylamide gels (PAGE). Hydrolysis kinetics were
carried out similarly except that 5'-*’P end-labelled exD123 transcripts (15 nM, final
concentration) were incubated with increasing concentrations of D5 (50 nM to 10 uM,
final concentration) in 100 mM MgCl,, 0.5 M KCl, 40 mM MOPS, pH 7.5 at 45 °C.
Reactions were quantitated as described'".

Nucleotide analogue interference suppression (NAIS)

We mixed wild-type exD123 (0.5 uM final concentration) and exD123 mutants (3 .M
final concentration) with 5'-?P end-labelled D56 transcripts (10 nM final concentration)
that were randomly modified with a specific NTPaS analogue. The mixture was pre-
incubated as described above and then reacted at 42 °C in 100 mM MgCl,, 2mM
Mn(AcO),, 0.5M (NH,),SO,, 40 mM MOPS, pH 6 (ref. 5). After 3 h of incubation at
42 °C, reaction products were resolved by PAGE. Iodine cleavage was performed as
described’, and the products were resolved by PAGE. Gel bands were quantitated using a
phosphorimager (Molecular Dynamics) as described’. For single-atom NAIS, D56
molecules containing a deoxynucleotide at 825 (obtained by ligation of two synthetic
oligonucleotides) were 5'-**P end-labelled and were reacted with exD123 mutants (3 uM
final concentration) randomly modified with NTPaS analogues under the conditions
described above. Analysis of interferences in D1 was done as described’.
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A ratchet-like inter-subunit
reorganization of the
rihosome during translocation
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The ribosome is a macromolecular assembly that is responsible
for protein biosynthesis following genetic instructions in all
organisms. It is composed of two unequal subunits: the smaller
subunit binds messenger RNA and the anticodon end of transfer
RNAs, and helps to decode the mRNA; and the larger subunit
interacts with the amino-acid-carrying end of tRNAs and cata-
lyses the formation of the peptide bonds. After peptide-bond
formation, elongation factor G (EF-G) binds to the ribosome,
triggering the translocation of peptidyl-tRNA from its aminoacyl
site to the peptidyl site, and movement of mRNA by one codon'.
Here we analyse three-dimensional cryo-electron microscopy
maps of the Escherichia coli 70S ribosome in various functional
states, and show that both EF-G binding and subsequent GTP
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hydrolysis lead to ratchet-like rotations of the small 30S subunit
relative to the large 50S subunit. Furthermore, our finding
indicates a two-step mechanism of translocation: first, relative
rotation of the subunits and opening of the mRNA channel
following binding of GTP to EF-G; and second, advance of the
mRNA/(tRNA), complex in the direction of the rotation of the 30S
subunit, following GTP hydrolysis.

We analysed the amplitude-corrected three-dimensional cryo-
electron microscopy (3D cryo-EM) density maps of five complexes
presenting the 70S ribosome in different functional states: (1) an
initiation-state complex’, bound with a mRNA and fMet—
tRNAM® at the peptidyl (P) site (the ‘control’); (2) the pre-
translocational state complex’, bound with mRNA, aminoacyl
(A)- and P-site tRNAs, and EF-G in the presence of a nonhydro-
lysable GTP analogue, GMPP(CH,)P (the ‘GTP form’); (3) as (2),
but without mRNA and tRNAs® (4) the post-translocational state
complex’, bound with mRNA, P and exit (E)-site tRNAs, and EF-G
in the presence of GTP and fusidic acid (the ‘GDP form’); and (5) as
(4), but without mRNA and tRNAs>. The comparison of these
refined maps shows that, upon binding of EF-G/GMPP(CH,)P to
the ribosome, the 30S subunit rotates with respect to the 50S
subunit by an angle of about 6 (% 0.7) degrees, resulting in a
maximum displacement, at the periphery of the ribosome, of 19
(=3) A. The rotation is counterclockwise when seen from the
solvent side of the 30S subunit (compare Fig. 1a and b). Following
EF-G-dependent GTP hydrolysis, in the presence of fusidic acid the
30S subunit rotates back (Fig. 1c) by an angle of about 3 (*0.7)
degrees. The conformational rearrangement is marked if one
compares the distances between the Ll-protein region of the
50S subunit and the platform and head regions of the 30S subunit
(Fig. 1a and b). The positions of beak and spur of the 30S subunit
are also strongly affected. Figure 1 shows maps of 70S/EF-G
complexes lacking mRNA and tRNAs. The lower occupancy of
EF-G/GMPP(CH,)P in the complex containing tRNA at the A site>”’
makes its presentation confusing, however the rotations of the
subunit in the maps with or without mRNA and tRNAs are of the
same size.

The rotation is accompanied by many conformational changes of
the two subunits. Among these is a bifurcation of the stalk of the 50S
subunit in the GTP state™ (Fig. 1b) and its reversal to a single,
elongated form in the GDP state’ (Fig. 1c), showing an arc-like
connection between the G’ domain of EF-G and the stalk base.

Going from the control to the GTP state, we also see a transition
to a less compact structure®, such that the radius of gyration
increases’ by 1.1 A), and a complex rearrangement in the multi-
stranded mass near the mRNA channel on the 30S subunit®* .
Significantly, both the entrance channel (conducting the down-
stream 3’ end of the mRNA) and the exit channel (conducting the
upstream 5’ end of the mRNA) are affected (Fig. 2). The entrance
channel is defined by a contact between the 30S subunit shoulder
and head'>" involving the 530 loop, which is dynamic during
decoding', and the 1050/1200 regions of the 16S rRNA", respec-
tively. The entrance channel is much wider in both GTP (an increase
in cross-sectional area by ~68%) and GDP (by ~118%) states than
in the control (Fig. 3). Thus, the opening at the entrance site is wider
(by ~30%) in the GDP (Figs 2b and 3c) than in the GTP (Figs 2a
and 3b) state. The shape and position of the exit channel, formed
between the platform and the head"!, are known to be variable'>".
The behaviour of this channel is the reverse of that of the entrance
channel: it is wider in the GTP (Fig. 2¢) than in the GDP state (Fig.
2d). Thus, a dynamic clamping mechanism apparently exists that
alternatively secures the mRNA in the entrance channel or leaves it
free to move following EF-G/GTP binding and GTP hydrolysis.

We find clear evidence in our cryo-maps that the positions of the
tRNAs with respect to the 30S subunit are unchanged in the GTP
state (Fig. 3b; ref. 16), indicating that translocation of the tRNA
from the A to the P site has not taken place’. However, a contact
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Legend for supplementary figure: Single atom NAIS signals are specific. (Left:)
Deoxynucleotide substitution at C837 does not suppress dA115 interference.
Phosphorimager profile shows that dA115 interference (*) in WT (blue) is rescued by
deoxynucleotide substitution at C825 (purple) but not by deoxynucleotide substitution at
C837 (green). (Right:) Deoxynucleotide substitution at C825 does not suppress dG5
interference (*). Phosphorlmager profile shows that dG5 interference in WT (purple) is

unchanged by deoxy substitution at C825 (blue).



